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Introduction
Over the past five years the use of synchrotron X-ray
sources for macromolecular crystallography has grown
enormously. New crystallography beamlines are being
built every year and existing ones are being improved.
With the advent of new synchrotron sources, charged-
couple device (CCD) based detector technology, and an
explosive increase in the use of multiwavelength anom-
alous diffraction (MAD) phasing, macromolecular beam-
lines have moved from the realm of the exotic to being an
everyday research tool. The exciting impact of this on
structural biology has been made possible by the develop-
ment of cryocrystallographic techniques, enabling samples
to be preserved in the intense radiation beams. Nowadays,
it can be routine at beamlines to collect, integrate and
scale data, and then to solve a structure during the course
of a single synchrotron trip. As the field of macromolecular
crystallography has grown, the number of inexperienced
users arriving at synchrotrons to carry out experiments has
also greatly increased. Experimenters trained in synchro-
tron work often know what to expect at the beamlines, but
for the novice a synchrotron trip is full of potential pit falls.
In this article we attempt to assist first time synchrotron
users by demystifying the synchrotron visit, presenting an
overview of a typical synchrotron source and beamline,
and considering keypoints for a successful experiment.
For those who are interested, a list of further reading of a
more technical nature is provided as Supplementary mate-
rial available on the Internet.
The synchrotron radiation source
Synchrotron radiation was observed for the first time on
the 24th April 1947 coming from the 70 MeV electron syn-
chrotron at the General Electric’s Research Laboratories
in New York [1]. Synchrotrons had existed before this
time, the first being at the British Telecommunications
Establishment, but the General Electric Company’s syn-
chrotron was the first to have a transparent vacuum tube,
which allowed the characteristic bluish-white light of low-
energy synchrotron radiation to be seen. These first gener-
ation synchrotrons were machines dedicated to high-
energy nuclear physics experiments, although some
pioneer users started to exploit the emitted radiation for
other purposes. The first application of this synchrotron
radiation to a biological system (muscle diffraction) was
much later (1971) at the Deutsches Elektronen-Synchro-
tron (DESY) Germany [2], and the first reported protein
crystallography experiments at a synchrotron were per-
formed in 1974 at the Stanford synchrotron [3]. Since the
first generation designs, synchrotrons have developed
through second generation sources to the third generation,
which have a low emittance (stored electron beam size
multiplied by divergence), delivering high brilliance
beams of radiation over a wide range of energies to experi-
mental stations. Today, both second and third generation
sources are in use, providing invaluable resources to the
macromolecular crystallographer.
The modern synchrotron radiation source consists of four
main components: a linear accelerator (linac), a booster
ring, a storage ring and the beamlines (see Figure 1). The
linac is responsible for the first stage of stored beam gen-
eration, producing a stream of electrons that are acceler-
ated by electric fields. Although for cost and simplicity
reasons most synchrotrons store electrons, some use
positrons instead, which can result in longer beam life-
times and increased stability. The positrons are generated
when the linac electron beam strikes a tungsten target. At
some synchrotron sources the linac is used to accelerate
the particles to the full storage-ring energy. Often,
however, an intermediate booster ring is used to accelerate
the particles up to relativistic speeds, achieving a final
energy of 1 GeV to 8 GeV depending on the storage-ring
characteristics. Once in the storage ring, the particles are
bent around a circular path using magnetic fields gener-
ated by electric coils or permanent magnets. In fact, rather
than being a storage ‘ring’, the synchrotron resembles a
polygon: the corners of the polygon are the bending
magnets that determine the path of the beam, whilst on
the edges or ‘straight sections’ specialised devices can be
inserted. These ‘insertion devices’ take the form of wig-
glers or undulators (see later) which, together with
bending magnets, provide the radiation sources for the
beamlines. The radiation is produced when the particle
beam changes direction in the magnetic devices (i.e. the
velocity vector changes, giving an effective acceleration).
When the particles radiate on changing direction, energy
is lost from the stored beam and this has to be restored.
The energy is replaced using electric fields in cavities
operating at radio frequencies (i.e. hundreds of MHz).
These radio frequency (RF) cavities give the beam an
extra kick of energy at each revolution around the syn-
chrotron. However, the current of the beam in the storage
ring decays with time, as there is loss of electrons or
positrons owing to their interaction with residual gas mol-
ecules inside the vacuum chamber that houses the beam.
Many things can, and do, go wrong in the operation of a
synchrotron source: for example, the RF cavities may arc
or the power supply stability may be affected due to
weather-conditions, such as thunderstorms, causing the
stored beam to be lost immediately. At all synchrotrons
the beam is regularly dumped in order to refill the storage
ring with a new beam at the nominal operating current
(typically one hundred to several hundreds of milli-
amperes). During a refill, experiments are manually or
automatically stopped on the beamlines and, depending
on the synchrotron and the operation mode, this can
happen once every week or up to several times a day.
Anatomy of a beamline
Beamlines are often constructed with a specific type of
crystallographic experiment in mind, for example, MAD,
Laue, microfocus, ultrahigh-resolution experiments, data
collection from crystals with large unit cells, or very high
throughput. Although these beamlines are specialised,
routine experiments can and are carried out using the
facilities. At a basic level, all synchrotron beamlines are
similar. Below is a description of a simple beamline,
although the design and operation of specific beamlines
will naturally vary from the generalised version given here.
The source
The source, which is a bending magnet at the storage-
ring corners or a wiggler or undulator on straight sections,
produces X-ray radiation. These devices all generate syn-
chrotron radiation along their axes by deflecting the
stored moving particle beam in strong magnetic fields,
but each device has its own defining characteristics.
Bending magnets deflect the beam through an arc during
which time synchrotron radiation is emitted. On the other
hand, wigglers use the poles of a number of magnets to
deflect the particle beam from side to side. At each
‘wiggle’ radiation is emitted resulting in a wide horizontal
fan of X-rays that can feed several end-stations at once,
each station taking a slice of the fan. An undulator device
operates in a similar manner to a wiggler, but usually has a
shorter period between magnetic poles, deflecting the
beam by a smaller angle at each pole such that the
deflected beam remains within the original beam enve-
lope. The photons produced at each pole interfere with
the photons produced at other poles generating partially
coherent X-rays in a narrow energy band, usually with
higher harmonics. These rays are concentrated in a small
beam of radiation, making the source very brilliant. This
pencil beam is too narrow to feed a fan array of end-sta-
tions, but multiple stations are possible using X-ray trans-
parent crystals (e.g. thin diamonds) as monochromators to
generate secondary beams. Both bending magnet and
wiggler sources are tuneable, giving a wide spectrum of
available energies. Undulators are inherently less tune-
able and are often specifically designed to operate around
one optimum X-ray energy. The energy of the stored par-
ticle beam partially determines the available spectrum of
the radiation generated by the bending magnets or inser-
tion devices, with higher energy storage rings having a
harder (shorter wavelength) X-ray spectrum and lower
energy storage rings having a softer (longer wavelength)
X-ray spectrum. For macromolecular crystallography,
radiation with energies from 7 keV to 40 keV (corre-
sponding to wavelengths of 1.8 Å to 0.3 Å, respectively,
where the conversion is E[keV] ≅ 12.4/λ [Å]) is typically
used, with the majority of experiments carried out using
12 keV to 14 keV radiation (~1 Å wavelength).
The optical elements
The X-rays produced by the source are next conditioned
by a number of optical elements installed between the
source and sample position, so as to deliver an optimised
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Figure 1
Schematic of a synchrotron radiation source showing the linac,
booster and storage rings, and the magnetic devices that produce 
X-ray radiation (see text for details). The properties of the source and
resulting X-ray beam are described by a flux (photons/second/unit
energy bandwidth), a brilliance (photons/second/mm2/mrad2/unit
energy bandwidth) and a divergence (mrad). 
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beam at the protein crystal (Figure 2). Three types of
devices are commonly used.
A monochromator system (X-ray diffraction from single
crystals of, for example, silicon, germanium or carbon
[diamond]) selects a single wavelength from the source
spectrum. White beam experiments that use all the wave-
lengths radiating from the source, such as Laue work, do
not need this optical element.
A mirror (e.g. a thin layer of rhodium coated onto a silicon
or glass substrate) is used to focus the beam onto the
sample position and is also able to remove higher har-
monic energies from the X-ray beam. Multilayer systems
(alternate layers, typically tens of Ångstroms thick, of ele-
ments with high and low atomic number acting as a dif-
fractor) can also be used in place of traditional mirrors.
Capillary optics, which can be used for specialised micro-
diffraction experiments, offer the possibility of generating
a very tightly focused beam.
Slits positioned along the beamline maintain the high colli-
mation of the beam and help to eliminate scattered X-rays.
The optical elements are housed in a radiation-shielded
enclosure (the optical hutch) and users normally do not
need to adjust them. Some beamlines, particularly those
used routinely for MAD experiments, do allow users to
change the wavelength, which involves a remote tuning
procedure of the monochromator from the control station.
The experimental hutch
Equipment contained within the experimental hutch
includes the goniostat, the detector, an alignment table
and a beam stop. Other items around the crystal position
will generally consist of a cryocooling device, slits or a
collimator to define the size of the beam, a crystal viewing
camera with lighting, a beam intensity monitor and possi-
bly a fluorescence detector (for MAD experiments).
The goniostat and detector are mounted on the alignment
table. The goniostat is used to orient and rotate the crystal
during data collection. It is an instrument of high preci-
sion, capable of rotating a sample with an accuracy of a few
thousandths of a degree. The design of the goniostat varies
from beamline to beamline, but there are three basic types
that vary according to their rotation geometry. The sim-
plest goniostat has a single phi (φ) rotation axis, whereas
the other two types have either kappa (κ) or Eulerian
geometry. Often these goniostats may be augmented by an
option to rotate the detector around the sample (called the
2θ angle) to allow data collection to high resolution, or an
option to translate the detector perpendicular to the beam
for Weissenberg data collection [4] in which the detector
moves synchronously with sample rotation.
The minimum goniostat consists of a single φ rotation axis,
whereas the more complicated but more flexible
goniostats with κ or Eulerian geometries have three
degrees of rotational freedom. In κ and Eulerian
goniostats the rotation axes are arranged in different ways
(Figure 3), but these axes are connected consecutively and
so are coupled. Both styles allow a sample to be positioned
in almost any orientation, which enables crystals to be
aligned for optimising data collection strategies (e.g.
during a MAD experiment). Although a beamline may be
equipped with a κ or Eulerian goniostat or a 2θ detector
adjustment, users should check that all axes are fully
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Figure 2
Schematic of a generic beamline with ‘front end’, monochromator and focusing mirror.
'Front end' units with 
photon absorber 
and safety shutter to protect 
personnel whilst working 
in the optical hutch
Optical hutch containing beam conditioning elements
(typically primary slits, double-crystal monochromator, focusing
mirror, secondary slits) and a second safety shutter
Experimental hutch with final beam
conditioning (slits or collimator) and 
user facilities: alignment table, 
goniostat, detector etc
Fan of X-rays from the
source positioned 
on the storage ring
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accessible and functional, and that collision-avoidance
limit switches and intelligent software will protect the
apparatus from dangerous or impossible operation.
Several different types of detector are now available for
fast and accurate data collection on synchrotron sources. A
compilation of some of the more common detectors with a
brief description of their operation and characteristics is
given in Table 1.
The X-ray detectors used for crystallographic diffraction
experiments are sensitive devices and can be damaged by
exposure to the direct X-ray beam. To protect the detector
and, more importantly, to reduce air scattering of the main
beam, there is a beamstop just after the sample position.
The alignment of the beam stop is a delicate process and
experimenters can knock it inadvertently, allowing all or
part of the direct beam to hit the detector and possibly to
cause damage. The first exposure should thus always be a
short snapshot to ensure proper alignment of the beam stop.
The type of detector installed at a given beamline can be
a determining factor in planning an experiment. The
active area, readout speed, pixel size and available crystal-
to-detector distance are just a few of the important para-
meters to consider. There is no detector that is universally
ideal for all beamlines and experiments; compromises on
active surface, speed or cost are always necessary.
Safety
The X-ray radiation produced at synchrotrons is very
intense and thousands of times brighter than that pro-
duced by a home laboratory source. Therefore, the optical
and experimental areas are contained in lead or steel
hutches, which have interlocks and fail-safe systems. In
fact, users could sustain a lethal radiation dose from the
white beam used for Laue experiments if safety proce-
dures are not correctly followed. Many synchrotrons
require chemical and biological safety forms to be com-
pleted in advance of arrival. Upon arrival users generally
have to attend safety training and each synchrotron has its
own specific safety regulations.
For users, the most evident safety procedures are those for
closing experimental hutches. Before X-rays can enter the
hutch, it must be searched and interlocked. Heavy X-ray
shutters and photon absorbers in the optical hutch and at
the exit from the storage ring (‘front end’) are used to
prevent radiation leaking through whilst personnel are
working in the experimental hutch. Once the hutch is
secured these can be opened to allow the X-rays through
to the experiment. At some synchrotrons, failure to follow
the hutch safety protocols will result in loss of the particle
beam in the storage ring and re-injection is then required,
making the offender very unpopular.
Keypoints for a successful experiment
The most productive expeditions to collect data at syn-
chrotron beamlines are those that are well prepared
beforehand, efficiently organised once the experiment is
under way, and which take advantage of all the facilities
available to maximise the use of the beamtime and quality
of the data collected.
Preparation
Potential users should make sure that their proposed
experiment is matched to a suitable beamline. Other sci-
entists in your laboratory may have experience of differ-
ent beamlines and be able to suggest one appropriate for
your experiment. It is always worth checking with the
beamline scientist at the synchrotron for the current status
and what facilities (biochemical, beamline hardware and
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Figure 3
Schematic diagrams of goniostats with (a) κ
and (b) Eulerian geometries.(a) (b)
ω
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data processing software) are available for protein crystal-
lography; much of this information should be accessible
on the web pages of the synchrotron. Checks like this are
invaluable as there are often factors that will affect the
planning of your experiment. For example, there are
sometimes restrictions on the geometry or on the space
available around the diffractometer and many goniostats
have limited translation available on the φ rotation axis. It
is important to remember that equipment designed for
your in-house X-ray generator may not be suitable for the
station experimental set-up at the synchrotron, and the
beamline web-pages (a list of worldwide beamlines for
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Table 1
Summary of common detector types used at synchrotrons for macromolecular data collection.
Detector type Example Characteristics
*CCD-based detectors [17]
Fibre-optic coupled ADSC, Brandeis, Bruker, MAR, Recently introduced and becoming increasingly common, these
Oxford instruments detectors have fairly fast readout, typically 1–10 s, and have led 
to more productive as well as shorter synchrotron experiments.
A large front phosphor screen (which emits luminescence from 
impinging diffracted X-rays) is coupled to a smaller CCD chip 
or mosaic of CCD chips by a demagnifying fibre-optic bundle. 
To maintain low noise on the image, the CCD chips are 
typically cooled to between –20°C and –70°C. 
Unless the detectors are positioned in a mosaic grid (e.g. 
2 × 2 or 3 × 3) the actual detection area is small 
compared to imaging plate detectors, though the number of 
pixels across the active area can be similar or even greater. 
Electronically focused X-ray image intensifier These are similar to fibre-optic coupled detectors, 
but in place of the demagnifying fibre-optic bundle, the 
phosphor screen is imaged through an image intensifier and 
demagnified using similar techniques to those that steer 
electrons in television tubes. The demagnified image is focused 
onto a CCD chip by optical lenses or by a small fibre-optic 
bundle.
Because the focusing relies on accurate magnetic fields, these 
systems can be very sensitive to the movement of ferrous 
objects nearby, or of the detector itself. Magnetic shielding can 
eliminate this problem.
Laser-read phosphor imaging plate [18]
Automatic scan/erase cycle MAR, MacScience, R-Axis These detectors have a slower (compared to the CCD-based 
detectors) read/erase cycle time of 40–150 s depending on 
type, image and pixel size.
X-rays excite the doping material (europium) of the front 
phosphor imaging plate layer into metastable electron states. 
These states can be stimulated by a red He–Ne laser into 
emitting violet luminescence, which is then detected by a 
photomultiplier mounted in a moveable reading head. Check 
with the beamline scientist if you are allowed to change the 
erasure bulbs (if done incorrectly the phosphor plate can be 
ruined).
Offline scanning Fuji imaging plates Normally used where there is a need for a very large detection 
area (e.g. with large unit cells or Weissenberg style 
data collection). 
The large phosphor plates are scanned manually using a 
photocopier-like machine (exposure and scanning can be 
automated to a certain extent by using cassette systems 
holding many plates).
Photographic film Very rarely used now. Extremely tedious and intense work. Not 
necessary for normal data collection unless a very high spatial 
resolution is required.
*CCD, charged-couple device.
macromolecular crystallography with their main character-
istics can be found at http://smb.slac.stanford.edu/wwb) or
scientist should be consulted for acceptable dimensions of
goniometer heads, crystal transfer apparatus or cryopins.
Some modifications to your own or to the station equip-
ment may be necessary. Indeed, some beamlines do not
encourage users to bring their own equipment, whereas
others do not have a complete data collection kit available
for users. Table 2 contains a check list of items to take for
the experiment. The list, by no means exhaustive, gives
suggestions for the more important items.
The beams at modern synchrotron sources can swiftly
cause radiation damage to protein crystals. Although some
crystals are effectively immortal on the much weaker in-
house sources, they routinely suffer noticeable and exten-
sive radiation damage at the synchrotron. As a result, it is
generally a necessity to flash-cool protein crystals in order
to be able to collect a data set from a single or several crys-
tals. It is imperative that some simple tests to determine
suitable cryocooling conditions are carried out at home
before travelling. These tests can prove invaluable in
gaining experience in handling and cryoprotecting the
particular crystals, and in making optimal use of the avail-
able synchrotron time. A basic summary is given below;
more detailed accounts can be found elsewhere [5,6].
The first step for successful flash-cooling of a protein
crystal in a fibre loop is to find a cryosolution that on flash-
cooling to around 100K will form a vitreous transparent
solid as opposed to a crystalline one. This requires the
addition of an antifreeze (so called ‘cryoprotecting agent’)
to the mother liquor in which the crystal was grown. Com-
monly used cryoprotecting agents are glycerol, various
sugars, 2-methyl-2,4-pentanediol (MPD), ethylene glycol,
and polyethylene glycol (PEG) with a molecular weight of
less than 1 kDa. For mother liquor already containing one
of these components, the concentration can generally be
increased to provide adequate protection. If heavy PEGs
are present in the mother liquor, addition of a light PEG
can be successful. 
Start by flash-cooling a film of mother liquor alone in a fibre
loop, and inspecting it. If it is milky, addition of a cryopro-
tecting agent is necessary: for instance, 20% glycerol made
up with the mother liquor in proportions such that the con-
centration of the mother liquor remains constant (i.e. the
cryoprotecting agent replaces water in the mother liquor
rather than causing dilution of the original components).
If the film is clear, take an X-ray diffraction image and
check for ice rings. A clear film is a necessary, but not suf-
ficient, condition for cryoprotection. Increase the cryopro-
tectant concentration in steps of 5% until no discrete ice
rings are observed on an X-ray image, and the scattering
ring is diffuse [7].
Place a crystal in this cryosolution and observe it under the
microscope. If the crystal shows signs of cracking or blis-
tering, flash-cool it immediately and test the diffraction
quality. Otherwise a soak time of between 30 s and 4 min
is generally satisfactory, although for some crystals much
shorter or longer times may be necessary.
Experiment with different cryoprotectant agents, soaking
times and soaking regimes (e.g. a quick soak compared to
gradual sequential soaking in increasing concentrations of
cryosolution) until suitable conditions are established.
An increase in mosaicity is often observed when protein
crystals are flash-cooled, but this increase can be min-
imised by tuning the cryoconditions. The absence of any
crystalline ice is a prerequisite, as water expands during
the transition to ice and causes damage to the protein
crystal lattice with an accompanying increase in the
mosaicity. Under the correct flash-cooling conditions, ice
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Table 2
Synchrotron visit checklist. 
Item Comment
Crystals (prefrozen and room temperature) More than sufficient for the time available (including test samples)
Cryotools Compatible with the beamline setup and including tweezers, gloves and 
safety glasses.
Room temperature crystal-mounting kit
Cover slips and microbridges
Necessary buffers Including cryobuffers
Goniometer head(s) and any special mountings For example, magnetic heads for cryopins
Torch (flashlight) To help illuminate the mounted crystal
Backup media DAT, Exabyte, DLT, CD-ROM, DVD, removable hard disks, FTP
crystals are not formed and in most cases the crystal
mosaicity remains close to that of the native crystal [8].
Improved diffraction has been achieved by the tech-
nique of crystal annealing. In one version of this, the
frozen sample is rapidly immersed once more into the
cryosolution [9] for about 2 min and then flash-cooled
again. This procedure can be repeated multiple times.
Alternatively, the cryogen stream can be briefly inter-
rupted to allow the crystal to thaw and subsequently
rapidly refrozen [10]. 
Non-frozen crystals can suffer damage during transport
and for this reason it is best to prefreeze crystals at home
before taking them to the synchrotron. Simple equipment
for storing frozen crystals [5,6] is available commercially
(e.g. from Hampton Research, Oxford Cryosystems and
Blake Industries) and many laboratories have designed
and made their own tools. If using your own tools, rather
than those of the beamline, make sure that they are com-
patible with the experimental setup at the beamline. 
Travelling
Travelling may appear to be one of the easier aspects of a
synchrotron visit, but users often arrive to find their crys-
tals are cracked or shattered due to rough trips by road,
rail or air. As pointed out above, one way to help avoid
crystal damage is to prefreeze the crystals before travel-
ling. Prefrozen crystals are transported using dry-transport
nitrogen dewars (dry-shippers). These containers allow
the prefrozen samples to be transferred from the home
laboratory to the synchrotron and preclude the possibility
of liquid nitrogen being spilt in an accident. Some air-
lines, particularly those between Europe and the USA,
will refuse carriage of a dry-transporter as luggage and in
these circumstances it will have to be shipped via a
courier company. 
Experimental parameters 
The data collection parameters chosen by the experi-
menter will be determined to some extent by the aim of
the experiment. For instance, heavy-atom derivative trials
benefit from a rapid anomalous data set collected at an
energy above the heavy-atom absorption edge. For a com-
plete native data set for molecular replacement, data with
high resolution, high redundancy and good completeness
to low resolution are desirable, whereas for MAD experi-
ments data with high completeness and high precision at
modest resolution would suffice. Making informed
choices can be crucial to the subsequent usefulness and
quality of the data, and the factors given below should be
considered. Sometimes software is available at the beam-
line to assist in making choices and beamline staff can also
help with tactical decisions. Note that the choice of para-
meters intercorrelate so if one is changed, some others
may have to be adjusted in concert. 
Crystal-to-detector distance
The resolution (d; Å) of the data at the edge of a detector
placed symmetrically about the beam direction (i.e.
2θ = 0°) in terms of the crystal-to-detector distance (x), the
wavelength (λ; Å) and the detector radius (r) is given as
d = λ/{2.sin [0.5 tan–1 (r/x)]} (see Figure 4). This equation
is derived simply using trigonometry and Bragg’s law:
n.λ = 2.d.sinθ (where n = 1). Image viewing programs
often have these functions built in and can draw resolution
rings on the images. 
The correct crystal-to-detector distance may be deter-
mined simply by the diffraction limit of the crystals, so the
choice is straightforward. An initial image can be collected
and the detector then moved out if the diffraction does not
go to the edge of the detector or moved in, in order to find
the diffraction limit, if there is diffraction to the edge of
the image. For a large unit cell giving diffraction spots
close together, the distance may be determined by the
necessity to separate the spots; the spots will be further
apart at a larger detector distance. To ensure correct index-
ing of reflections, the main beam position must be known
to an accuracy of better than half the minimum spot
spacing. If reliable main beam position or crystal-to-detec-
tor distance values are not available from the beamline sci-
entist, it is important to collect a diffraction image from
wax or another scatterer to determine these parameters.
Synchrotron sources characteristically produce highly par-
allel radiation beams. This minimises the size of the dif-
fraction spots on the detector face and is one of the most
significant features of synchrotron sources, especially for
separating spots from large unit cells.
The oscillation angle (φ slice)
This angle should be chosen to avoid reflections being
detected on top of one another (‘overlaps’). It is not possi-
ble to process such reflections and this results in incom-
plete data being collected. Strategy software (see later)
should help advise on the oscillation angle, although
where this is not available the equation ∆φmax = (180/pi)
(dmax/cmax) gives the maximum oscillation angle (∆φmax;
degrees) for a given resolution (dmax; Å) and primitive unit
cell (cmax; Å) to avoid any overlapped reflections. This
relationship assumes a perfect crystal and does not take
into account any mosaicity, which will lead to increased
overlapping of higher resolution data and a necessarily
smaller oscillation angle. Crystals with a large unit cell
generally need small oscillation angles to avoid overlapped
reflections. However, if only one of the unit cell dimen-
sions is large, the crystal can be oriented such that the
rotation axis is parallel to this axis (see Figure 5). As long
as the detector can resolve the diffracted spots, the
maximum oscillation angle is determined by the longer of
the two smaller unit-cell dimensions perpendicular to the
rotation axis. Higher resolution data, as well as data for
Ways & Means  A first time user’s guide to the synchrotron Mitchell, Kuhn and Garman    R117
large unit cells, requires finer oscillation angles. In
general, finer slicing results in better signal-to-noise ratios,
but will take longer to collect than coarse slicing. It is pos-
sible that the oscillation angle may be varied during data
collection so as to maximise efficiency; a simulation of the
data collection can guide decisions regarding this.
Exposure time or exposure dose
The chosen time or dose for each image depends on the
strength of the diffraction, the amount of data necessary to
collect complete data for that space group [11], and thus
the total time available, and on the crystal lifetime if it
suffers radiation damage. The time is set so that low-reso-
lution reflections are not overloaded (see below for the
case of very high resolution data collection), but the expo-
sure time should be long enough to ensure an adequate
I/σ(I) (the intensity of the reflection divided by the stan-
dard deviation of the intensity of the reflection). Most
user interfaces allow inspection of the number of counts in
each pixel in and around a reflection, which facilitates
checking for reasonable signal-to-background levels for
spots at the edge of the detector (a reasonable criterion is
not more than 50% of the reflections with I/σ(I) of less
than two in the highest resolution shell [11]). 
Collecting in dose mode (where the rotation speed of the
spindle must be continuously recalculated based on the
integration of the X-ray dose) is especially attractive for
longer exposures to eliminate errors due to beam intensity
fluctuations and the natural decrease in beam intensity
with time between storage-ring refills.
Number of images
The first test image is autoindexed as soon as it has been col-
lected to find an indication of the space group and determine
the unit cell and orientation. A second image should be
taken 90° away from the first, in order to reveal any crystal
disorder not evident from the first image. A data collection
strategy program (e.g. STRATEGY [12]; MOSFLM [13],
PREDICT [http://biop.ox.ac.uk/www/distrib/predict.html];
XDS [14] and MADNES [15]) should then be run to cal-
culate the minimum number of images for the desired
completeness and redundancy, and to determine the
optimum starting value of φ. Knowing the time available,
some decisions can then be taken on what resolution (i.e.
detector distance) and thus what φ slice should be col-
lected. The number of images then equals the number of
degrees required divided by φ slice.
If the initial crystal orientation is an unfortunate one, it
can be changed by either adjusting the arcs on the
goniometers or, for a cryocooled crystal, by bending the
loop to a new orientation. This is easier if a small piece of
flexible wire is incorporated into the loop mount. For
some space groups (e.g. C2) this may avoid the crystal
becoming trapped in an inefficient orientation as regards
data collection. 
If high-resolution data are being collected, the low-resolu-
tion spots are very likely to be overloaded and a lower res-
olution pass will thus be necessary. It is often better to
collect a complete, high quality data set than an incom-
plete slightly higher resolution set. For ultra-high resolu-
tion data (< 1.2 Å) three or four collections at different
resolutions will be needed to avoid overloads and guaran-
tee high quality data.
Start φ
After autoindexing the test image and running the strategy
program, the start φ can be selected. Note that if this is far
from the value used for the test image, the crystal may need
to be realigned (see below). For cryocooled crystals, the
strategy program may also give an optimum rotation sweep
that would result in the X-ray beam shooting the fibre loop
edge on, and a better second alternative orientation can
often be found by making use of the strategy software.
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Figure 4
Schematic showing the data collection
geometry that determines the resolution of the
data (see text for details).
Main X-ray beam
Sample
r
x
2θ
2θ
Diffr
acte
d X-
rays
Detector
surface
Structure
Number of oscillations (‘passes’)
For short exposures one pass is normally adequate, but for
long exposures the synchrotron beam may decay signifi-
cantly during the collection of the image. To reduce sys-
tematic errors during these long exposures, more than one
pass should be made. A rapidly decaying crystal (e.g. a
virus crystal at room temperature) may require more
shorter passes to minimise scaling problems.
Slit or collimator size
If the slits/collimator are adjustable/changeable, the beam
size can be matched to the crystal shape. This will help to
minimise background from the main beam scattering off
solvent molecules in the frozen vitreous film around the
crystal and off air molecules in the beam path before the
backstop.
Wavelength
On some beamlines the user can select the wavelength,
and clearly for a MAD experiment this must be done pre-
cisely (using the X-ray absorption spectrum of the heavy
atom in the actual specimen crystal and measuring the
absorption using fluorescence of X-rays from the heavy
atom). At short wavelengths air absorption of the dif-
fracted X-rays is reduced (~1% absorption/cm of air at
λ = 1.54 Å).
Beam stop in/out
For crystal mounting, it is often convenient to pull the
beam stop back away from the crystal position. If data are
collected with the beam stop pulled back, the background
from scattering of the main beam by air will be higher.
This decreases the signal-to-noise ratio, especially for
higher resolution data, but enables low-resolution data to
be collected. Some compromise is usual, remembering
that complete low-resolution data are often vital for struc-
ture solution. Unfortunately, at some facilities an
adjustable beam stop is not provided.
Troubleshooting
The first diffraction image may be blank or may show
unexpected X-ray background arising from beam scatter-
ing off collimators, slits or the beam stop. In these circum-
stances, several points should be checked: have all
shutters really opened (check reading of ionisation cham-
bers); are the slit settings appropriate; is the beam stop
aligned; has a protective lead plate been left in front of the
detector; if using an imaging plate scanner, check that the
detector has been properly erased or the erase lamps have
not blown; finally, check that the crystal is not misaligned
(the crystal may have rotated out of the beam).
Misalignment of the crystal is a very common problem
and results if the sample, X-ray beam and goniostat axes
are not aligned accurately; for example, a crystal aligned
at a rotation angle of 0° and 90° may not be in the beam
at all at 180°, where you may have decided to start the
data collection. Alternatively the crystal may gradually
become misaligned as it rotates during data collection
and the diffracted intensity will gradually decrease. A flu-
orescent screen at the specimen position will show the
precise position along the axis at which the beam will be
found. If the beam is not coincident with the spindle
axis, the beamline scientist may be able to correct the
problem. The sample viewing microscope should be per-
pendicular to the rotation axis, and the crystal should be
aligned to be stationary when rotated about the axis.
Adjustments of the crystal position on the goniometer
head should be made only in directions perpendicular to
the line of sight. 
Cryocooled crystals can be difficult to locate once they are
frozen in a loop, with little or no contrast between the
crystal and buffer. The beamline should make available
adequate diffuse illumination from, for example, a fibre-
optic lamp. If this is not available then a hand-held flash-
light and a tissue as a light diffuser can be used or two
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Figure 5
Effect of crystal orientation on the maximum
oscillation angle. (a) The crystal is aligned with
the longest cell axis, c, along the rotation axis.
As an example, consider the collection of 2 Å
resolution data from a crystal with a = 50 Å,
b = 50 Å and c = 250 Å. The simple formula
(∆φmax = (180/pi) (dmax/cmax)) gives an
oscillation angle ∆φmax = (180/pi) (2/50) ≅ 2.3°.
(b) The c cell axis is perpendicular to the
rotation axis and the longest cell length is now
the determining factor for the oscillation angle.
For the same example, ∆φmax = (180/pi)
(2/250) ≅ 0.5°. Note that this neglects any
mosaicity, and also that for a complete data
set some misorientation will be required. 
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polaroid sheets can be rotated between the crystal and the
camera for easier viewing.
In the course of data collection
Once data collection is under way with a satisfactory
crystal, many problems can still arise and it is necessary to
keep checking the data images as they arrive. As the
experiment progresses it is essential to keep a log of all
the information that will be necessary to process the data
(wavelength, crystal-to-detector distance, oscillation angle,
etc and any peculiarities specific to the beamline). Other
comments such as crystal shape, size and soak conditions,
as well as beam intensity and any machine parameters or
problems, can also be a useful reminder at a later date.
The data collection software used at the beamline may
also keep a detailed log file of the experiment, which
should be backed up for future reference. 
Every effort should be made to integrate and scale the
data during the experiment to verify the data quality. The
results of this analysis can be used to double check the
data collection parameters, to check that there are not too
many overlapped reflections, and to verify that the
average I/σ(I) of the highest resolution shell is satisfactory
(see earlier). Once the data set is complete and the next
project is under way, the data reduction can be finished
and the data used to calculate Patterson or difference
maps, or to search for a molecular replacement solution.
On some beamlines it is now routine to solve a structure
during the experiment using automated phasing software
such as SOLVE [16].
Even if crystals are cryocooled, they may still be damaged
by the intense beam before the data collection is com-
plete. In this case, if the crystals are large compared to the
beam size, it is possible to shoot through different
volumes of the crystal. When one section has suffered too
much radiation damage, translate the crystal to a fresh area
and restart the data collection. This will give a more con-
sistent data set than using many different crystals, as the
systematic errors will be the same. If the crystal is trans-
lated, the new crystal orientation should be checked by
autoindexing and then the optimum goniometer setting
for the required completeness recalculated.
If cryofreezing is not possible, due to the nature of the
protein crystals, many stations have facilities to cool crys-
tals to 4°C (lower temperatures are possible if the mother
liquor is suitable) and this can help to slow down radia-
tion-induced damage. 
Sometimes during data collection from flash-cooled crys-
tals, or during flash cooling and transfer, ice crystals and
flakes can build up on the sample and loop holder. These
deposits can lead to strong ice diffraction rings on the data
images, thereby obscuring weaker protein diffraction.
This ice often arises as a result of draughts around the
crystal position or due to misalignment of the cold stream
so that the crystal gradually rotates away from the coldest
part. There are several methods to remove ice that has
grown around the sample. Gentle brushing, whilst making
sure that the cold nitrogen stream is not blocked, with a
very fine artist’s brush can dislodge ice crystals from the
fibre loop. An alternative is to shower the crystal with
liquid nitrogen to remove surface ice flakes, being sure
not to damage the crystal viewing camera or other periph-
eral equipment. Ice can also build up as a result of cold-
stream malfunction and the cold-stream temperature and
liquid nitrogen status can be checked when changing crys-
tals if remote monitoring is not available.
Going home
Once the experiment is over, ensure that data are backed
up onto tape (or other suitable media). With the extraordi-
nary amounts of data that can be collected during a single
allocation of user time (routinely 20 GB per day using
CCD-based detectors), it is advisable to start data backups
as soon as possible. Other options, where permitted by the
facility, include transferring the data home by FTP over
the Internet or copying the data onto your own laptop hard
disk. Some facilities will keep copies of your data for
several weeks after departure, in case of the failure of your
backup copies, but others will not.
If you have encountered problems during data collection
always try to let the beamline staff know, and perhaps
offer constructive suggestions to them. Some synchrotrons
have an end of experiment summary to complete where
problems can be indicated.
The future
The future will, with the increasing demand for synchrotron
time and faster data collection techniques, necessarily bring
further automation and streamlining of macromolecular
crystallography experiments at synchrotrons. Several syn-
chrotron sites are investigating possible developments, such
as automatic batch handling of frozen samples and advanced
versatile user interfaces for data collection and data reduc-
tion. These developments are designed to alleviate the load
on users by minimising manual interventions. Soon we may
see crystals sent routinely to synchrotrons to be automati-
cally handled by robots, the experiment being remotely
monitored via the Internet, and processed data (or prelimi-
nary structure coordinates) being returned to the users.
Supplementary material
Supplementary material containing a list of further reading
is published with this article on the internet.
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